An ubiquitin cDNA clone was isolated from a human liver cDNA library. This clone contained two complete, and a portion of a third, ubiquitin coding sequences joined head to tail with no spacer peptides. Screening a human genomic library with a probe derived from the coding region of this cDNA identified a large number of cross-hybridising clones. Differential screening of these genomic clones with the 3' non-coding region of the cDNA identified three different 3'-positive clones. Sequence analysis of these three clones revealed: (i) a gene corresponding to the cDNA containing an intron in the 5' non-coding region and coding for three direct repeats of mature ubiquitin, and (ii) two related pseudogenes which appear to have arisen by reverse transcription and insertion into the genome. However, one pseudogene contains two repeats of the ubiquitin coding sequence, while the other contains only one. Hybridisation analysis of restricted human genomic DNA suggests the presence of one other closely related gene within the genome.
INTRODUCTION
Ubiquitin is a 76-amino acid (aa) protein that has been observed in all eukaryotic cells studied thus far (for a recent review see [1] ). It exhibits remarkable evolutionary conservation, with identical aa sequence from insect to man, and only three substitutions within the plant and yeast sequences. Ubiquitin is involved in several distinct processes in the eukaryotic cell, all of which involve an unique covalent attachment of ubiquitin via its Cterminus by an isopeptide bond to free ami no groups of other proteins. In the cytoplasm, ubiquitin is required for ATP-dependent, non-lysosomal proteolysis of both abnormal proteins, and normal proteins with rapid turnover (2, 3) . However, a recent report suggests that the rate of ubiquitination, and hence degradation, is a function of the N-terminal residue of the target protein: the "N-end rule" (4) . Ubiquitin synthesis is increased during heat shock, presumably to cope with an elevated turnover of abnormal proteins during the stress response (5) . In the nucleus, ubiquitin is conjugated to Lys 119 in histone H2A (6) : this conjugate is not degraded, and has been implicated in the regulation of gene expression (7) . Recently, ubiquitin has been observed as a part of branched-chain cell surface receptor molecules, covalently attached to the core polypeptide of both the murine lymphocyte homing receptor (8, 9) and platelet-derived growth factor receptor (10). Ubiquitin's role in the lymphocyte homing receptor (reviewed in [11] ) is the most well characterised, with monoclonal antibody studies identifying ubiquitin at or near the adhesive domain of the receptor (8, 11) . There is also evidence that other cell surface molecules are ubiquitinated (8, 11) .
Recently, structural analyses of mRNAs and genes encoding ubiquitin have been reported in chicken, man, Xenopus, barley and yeast (5, (12) (13) (14) (15) (16) , and indirectly in Drosophila (17) . In most cases, ubiquitin genes exhibit a novel structure, containing precise direct repeats of the 76-aa coding unit in a polyprotein format. In the two genes reported introns have been absent from the coding regions (12, 16) . There is considerable variation in the number of coding repeats: mRNAs isolated from chicken, Xenopus and barley (5, 14, 15) contain at least 3 repeats, while one yeast gene codes for a hexamer repeat (16) , and one human gene contains nine direct repeats of the ubiquitin coding unit (12) . One exception to this repeat structure is an incomplete human cDNA, encoding aa 5 through 76 of ubiquitin, followed directly by an 80-aa, non-ubiquitin, C-terminal extension (13) . This extension contains a high proportion of basic aa (30%) and may play a role in the transport of ubiquitin into the nucleus (13) . The C-terminal extension is conserved across human and rat mRNAs (13) , while yeast also contains a fused ubiquitin gene (18) .
Analysis of Xenopus poly(A)
+ RNAs reveals substantial population polymorphism (14) , while barley (15) and man (12, 13) show more stable patterns. Human poly(A) + RNAs contain three distinctly-sized ubiquitin gene transcripts of approximately 600, 1000 and 2450 nucleotides (nt) (12, 13) , which have been termed Ub A, Ub B and Ub C, respectively (12) . The Ub C message is of the correct size to correspond to the nonomeric human gene (12) , while the Ub A transcript corresponds to the single copy fused ubiquitin gene, based on the specific hybridisation of the C-terminal extension to the 600 nt mRNA (13) .
In this paper we report the isolation and characterisation of a human cDNA and gene which correspond to the Ub B transcript. We also report the presence of two related ubiquitin processed pseudogenes in the human genome, which differ in the number of coding repeats they contain.
MATERIALS AND METHODS Expression Screening of a Human Liver cDNA Library
A cDNA library made by blunt-end ligation of double stranded (ds) cDNA synthesised from human liver poly(A) + RNA into the PvyJI site of the plasmid pAT153/PvuII/8 (19) was generously provided by Dr 0. Bentley (20) . Inserts were excised from this library by BamHI and Ps_tl digestion, and ligated into the expression plasmid pEX2 (21) digested with BamHI and PsU. This library was used to transform f_. coli K12 MC1061 (22) , which contained the plasmid pcls57 (23) as the source of the temperature sensitive repressor. Expression screening was by the colony blot procedure of Stanley (24) . The antiserum used to detect ubiquitin antigenic determinants was a gift from Dr T. Suzuki. Cross-reacting antigen was detected using a rabbit primary antiserum and a goat anti-rabbit IgG second antibody coupled to alkaline phosphatase (25). Subcloning and Nucleotide Sequence Analysis All restriction digests, DNA ligations and plasmid transformations were done by standard methods (26) . The plasmid pUC18 (27) , and M13 derivatives mp8, mp9 (28), mpl8 and mpl9 (27) were used as vectors for subcloning and/or sequencing. £. coli K12 JM103 (29) was used for transformations. Some restriction fragments for subcloning were isolated from low melting temperature agarose as described (30) . Recombinant dsDNA was prepared by the alkaline lysis method (31) as modified by Hattori and Sakaki (32). Recombinant M13 phage single stranded DNA (ssDNA) was prepared as described (30) . Nucleotide sequences were determined by the Sanger dideoxy chain termination method (30) as modified by Messing (33), using the 17mer sequencing primer (New England Biolabs). The sequence of some regions of one subclone was determined by the method of Lin ^t_ al_ (34) using DNasel to generate deletion subclones. Probe Preparation and Hybridisation DNA fragments were transferred from agarose gels to nylon membranes as described by Reed and Mann (35) . Hybridisation was done according to the membrane manufacturers instructions (New England Nuclear) in the presence of dextran sulfate. Probes used for genomic screening and characterisation were ssDNA molecules labelled with [a-32p]dCTP (Amersham) and generated by primer extension employing the 17mer sequencing primer and M13 ssDNA sequencing subclones, as described by Burke (36). Screening of a Human Genomic DNA Lambda Phaqe Library A library constructed by partial Sau3AI digestion of human genomic DNA and ligation into BamHI digested phage EMBL3 (37) was generously provided by Dr D. Anson. E. coli K12 ED8655 (38) was used as the host for all manipulations with EMBL3 derivatives. The library was screened by the method of Benton and Davis (39) (see RESULTS for descriptions of probes used), and hybridising clones were isolated by two further rounds of plaque purification. DNA from positive phage clones was isolated by the small-scale rapid preparation of Ozaki and Sharma (40) , and by large scale preparations as described by Maniatis et a! (26) .
Restriction Endonuciease Mapping
Restriction maps of phage DNAs were produced by standard methods (single and double digestions followed by size fractionation on agarose gels [26] ) and by a modification of the method of Rackwitz et_ i]_ (41) . Partially digested phage DNAs were electrophoresed under conditions for the separation of high molecular weight DNA (42) , transferred to a nylon membrane and hybridised with a nick-translated probe originating from the right arm of EMBL3 (generously provided by Ms C. Merritt). Autoradiography of the hybridised membrane produced a ladder of fragments corresponding to the order and distance of a restriction enzyme site from the right arm of the phage. Preparation of Human Genomic DNA High molecular weight DNA was prepared from human blood by the method of Grunebaum et^ al_ (43) . Aliquots (3yg) were digested with restriction endonucleases overnight and electrophoresed on agarose gels. DNAs were transferred to a nylon membrane and subsequently hybridised as described above.
RESULTS

Isolation and Sequence Analysis of a Human Liver Ubiquitin cDNA Clone
Approximately 40,000 colonies from the human liver cDNA expression library were screened and 15 immunopositive colonies were selected. Following two further rounds of screening, the resulting clone with the largest cDNA insert of 700 base pairs (bp) was selected and termed pRBL26. Restriction enzyme digestion of this insert with either Bgi II, Sal I or PvuII produced fragments of approx. 230bp (not shown), the expected size for an ubiquitin coding unit. These restriction enzyme sites and others were utilised in determining the nucleotide of the cDNA insert of pRBL26 by the strategy shown in Figure 1A . The sequence of this cDNA is not presented in isolation, but is shown with the sequence of the subsequently isolated gene in Figure 3 .
Analysis of the sequence revealed one long open reading frame of 504bp followed by a termination codon TAA, a 3' untranslated region of 142bp and a poly(A) tail of 50bp. The 3' untranslated region includes the polyadenylation signal AATAAA (44,45) 17bp upstream of the polyadenylation site. The coding region begins with 15 aa from the C-terminus of ubiquitin, followed by two direct repeats of the 76 aa ubiquitin sequence, and terminates with an extra, non-ubiquitin, cysteine residue. Thus pRBL26 contains a partial cDNA: presum- 
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Comparison of the sequence of this cDNA with the published human nonameric gene sequence (12) reveals that pRBL26 represents the product of a different gene. While the coding regions are highly homologous, the 3 1 noncoding regions show little similarity, either in length or nucleotide sequence (not shown). This evidence suggests that this cDNA may correspond to the 1000 nt Ub B mRNA observed (12, 13) . We therefore proceeded to isolate ubiquitin genomic clones to identify such a gene.
Isolation and Characterisation of Human Ubiquitin Genomic Clones
An M13 subclone containing a 228bp Sal I fragment spanning the 3' coding repeat of the pRBL26 cDNA ( Figure 1A ) was used to generate a ssDNA probe. This probe was used to screen approximately 500,000 phage from a human genomic library, from which 20 positively-hybridising clones were selected. These clones were then screened with a probe generated from a subclone containing a 235bp SalI/BamHI fragment spanning the 3' non-coding region and poly(A) tail of the cDNA. This 3 1 -specific probe hybridised to only 3 of the 20 ubiquitin coding-positive clones. These clones, termed EHB8, EHB4 and EHD1, contained different genomic fragments based on restriction enzyme digestion patterns. Restriction maps were determined for each clone, and hybridising fragments were subcloned into pUC18 for further characterisation (See Figure IB) . A 4.1 kilobase pair (kb) PstI fragment from EHB8 was subcloned into pUC18 to generate pB8.3. Similarly, pB4.1 contains a 3.2kb £sU fragment from EHB4, while pDl.l contains a 1.8kb Ec£RI/HlndIII fragment from EHD1 ( Figure IB ).
Nucleotide Sequence Analysis of Ubiquitin Genomic Clones
Nucleotide sequences of the pRBL26-1 ike regions of each genomic subclone were determined by the strategies shown in Figure IB . The derived sequences are described below. EHB4/pB4.1: Restriction mapping of the genomic subclone pB4.1 revealed three Bglll sites separated by approximately 200 and 230bp, but no Sa_U sites. The determined nucleotide sequence is given in Figure 2 . Analysis of the sequence reveals that it is very similar, but not identical to, the pRBL26 cDNA clone. The most notable difference is that EHB4 contains only two copies of an ubiquitin-like coding unit. It also contains the extra cysteine codon preceeding the stop codon, and a 3' non-coding region that is 95% homologous to the corresponding region of pRBL26, up until the polyadenylation site (compared in Figure 4B ). The flanking regions of EHB4 show features characteristic of processed pseudogenes. Firstly, a poly(A) tail-like region is encoded
EHB4
- 198  -180  -160  -140  -120  AGATCTTG TATCTAATCA TGTCTCTAAC TTTGCATAAA GACAGGGATT TGTCCCAGCT TAAGGGCCAA GGGAAGAACT CGCATAGAAA  M.00  -80  -60  -40  TAGTTCAGTG GTAGGGACGA CTGGCTTTGT TGGGTGAGTA TGTGGTGGTG TCCCTGTGGC TGGACATGAC TGGTGTTTCG GAGCCTCGTC  -20  -11  20  40  60  ATATCCGCTA ACAGGTCAAA ATGCAGATCT TCGTGAAGAC CCTTACCAGC AAGACCATTG CCCTTGAAGA GGAGCCCAGG GACACCATCG  80  100  120  140  160  AAAATGTGAA GGCCAAGATC CAGGATAAGG AAGGCATTAC CCCGGACCAG CAGAGGCTCA TCTTTGCAGT CAAGCAGGTG GAAGATGACC  ISO  200  220  240  GCACTCATTC TGACTATAAC ATCCAGAAAG AGTAGACCCT GCACCTGGTC CTGAGTCTGA GAGGTGGTAT GCAGATCTTC GTGAAGACCC  260  280  300  320  340  TGACTGGCAA GACCATCACC CTGGAAGTGG AGCCCAGTGA CACCATGGAA AATGTGAAGG CCAAGATCCA GGATAAAGAA GGCACCCCCC  360  380  400  420  CACCCCcagc cccGACCAGC AGAGGCTCAT CTTTGCAGGC AAGCAGCTGG AAGATGGCCG CACTCTTTCT GACTACAACA TCCAGAAAGA  440  460  480  500  520  GTCAACCCTG CACCTGGTCC TGCACCTGAG GGGTGGCTGT TAATTCTCCA GTCTTGCATT CGCAGTGCCC AGTGATGGCA TTACTCTGCC  540 at the position corresponding to the polyadenylation site of the cDNA clone (nt 616 to 635 Figure 2 ). Secondly, the 5' and 3' regions are flanked by the direct repeat AGAAAYAGYTCAGTG (-115/-101 and 631/645, Y is a pyrimidine), of which the first 5 residues of the 3' repeat overlap the encoded poly(A) tail. EHB4 also exhibits other pseudogene-like features. The 5'coding repeat contains an in-frame stop codon TAG at the 65th codon. In addition, there are 13 other codon changes resulting in aa changes; 10 in the 5' repeat and 3 in the 3' repeat. The aa sequence "encoded" by this pseudogene is shown in figure 5 . The 3' repeat also contains an llbp insertion between the 38th and 39th codons (343 to 353, Figure 2 ) which, by itself, would be sufficient to disrupt the reading frame. The sequence CCCCCAGCCCC has been inserted into the normal coding sequence CCCCCCAG between the A and G residues, and appears to have arisen by duplication, possibly during the reverse transcription event which created the pseudogene. In spite of these changes the 5' and 3' "coding" repeats respectively show 92 and 96% homology when compared with the 5' complete repeat of the pRBL26 cDNA (ignoring the llbp insert). The lack of a 5' non-coding region in the cDNA clone prevents comparison of the 5' non-coding region of EHB4. However, the location of the 5' direct repeat (generated by pseudogene insertion) from -115 to -101 suggests that the lOObp upstream of the start codon is representative of the 5' non-coding region. EHDl/pDl.l: Restriction mapping indicated that EHD1 was the least likely genomic clone to correspond to the pRBL26 cDNA insert, with no Sal I sites, and only one BgJ_II site within the hybridising region subcloned (see Figure IB) . Sequence analysis (Figure 2 ) reveals that while it is similar to the cDNA clone, it shows marked differences. It also shows similarity to the tworepeat pseudogene EHB4. Its most important feature is the presence of only one ubiquitin-like coding unit. As with EHB4, EHD1 contains the extra Cterminal cysteine codon preceeding the stop codon, and a 3' non-coding region that is respectively 94% and 93% homologous to the corresponding regions of pRBL26 and EHB4 (compared in Figure 4B ). EHD1 also appears to be a processed pseudogene. A short poly(A) tail-like region is encoded 6bp downstream of the position corresponding to the cDNA polyadenylation site (382 to 389, Figure  2 ). Also, the 5' and 3 1 regions are flanked by the direct repeat MJATTCTGGA (-108/-98 and 386/396), again with some overlap of the 3' repeat and the encoded poly(A) tail. The single coding unit contains 8 codon changes leading to aa changes, none of which are in-frame stop codons. The translation of this coding unit is shown in Figure 5 . In addition, EHD1 contains an amber termination codon (TAG), compared to the TAA ochre codons of pRBL26 and EHB4. The coding unit is 93% homologous to the 5' complete repeat of the pRBL26 cONA in spite of these changes. Most interestingly, the 98bp upstream of the ubiquitin-like initiation codons of the two pseudogenes are 88% homologous, and they diverge at the position of the 5' direct repeats (compared in Figure  4A ). There is no homology between the two pseudogenes either upstream of the 5' direct repeat or downstream of the 3' direct repeat ( Figure 4 ). This is in agreement with their processed pseudogene nature, in that they may be inserted at any location in the genome.
EHB8/pB8.3: Restriction mapping of the genomic subclone pB8.3 indicated that its BgJJI and SaU restriction patterns were the most similar to the pRBL26 cDNA insert. Sequence analysis revealed that EHB8 contains the gene most likely represented by the cDNA clone. The sequence is presented in Figure 3 .
- 1093  TCG AGGAAGGTTT  -1080  -1060  -1040  -1020  -1000  CTTCAACTCA AATTCATCCG CCTGATAATT TPCTTATATT TTCCTAAAGA AGGAAGAGAA GCGCATAGAG GAGAAGGGAA ATAATTTTTT  -980  -960  -940  -920  AGGAGCCTTT CTTACGGCTA TGAGGAATTT GGGGCTCAGT TGAAAAGCCT AAACTGCCTC TCGGGAGGTT GGGCGCGGCG AACTACTTTC  -900  -660  -860  -840  -820  T •  AGCGGCGCAC GGAGACGGCG TCTACGTGAG GGGTGATAAG TGACGCAACA CTCGTTGCAT AAATTTGCCT CCGCCAGCCC GGAGCATTTA  -800  -780  -760  -740  GGGGCGGTTG GCTTTGTTGG GTGAGCTTGT TTGTGTCCCT GTGGGTGGAC GTGGTTGGTG ATTGGCAGGA TCCTGGTATC CGCTAACAGg  -7 700  720  740  760  780  TTCTTCAGTC ATGGCATTCG CAGTGCCCAG TGATGGCATT ACTCTGCACT ATAGCCATTT GCCCCAACTT AAGTTTAGAA ATTACAAGTT  800  820  I  B40  860  TCAGTAATAG CTGAACCTGT TCAAAATGTT AATAAAGGTT TCGTTGCATG GTAGCATACT TGGTGTTTTG TCATGAAATT CTCTAGTGAT  880  900  920  940  960  GTGTGGGTAC GCTTAAAACT GGTGAAAATG TTTAGGGATT TAATTTTGAG ATTGGTAATG TGCTCAAAGT TAAGTCACTT GACTTTGGTA  980  1000  1020  TACACTTGGG TGGGCTGAGG GGCAAGAGCC TTCTTTGCTG TTTAAGTCAT This gene consists of three ubiquitin coding repeats, followed by an extra Cterminal cysteine codon, a stop codon TAA, and a 3' non-coding region identical to that of the cDNA clone. The coding repeats encode the correct ubiquitin protein sequence, are joined directly head to tail and neither the coding region nor the 3' non-coding region are interrupted by introns. The cDNA sequence begins with the 62nd codon of the 5' repeat, spans the middle and 3' repeats, and matches the 3' non-coding region until 17bp downstream of the AATAAA signal, where the cDNA has a poly(A) tail. As with many other genes, there is some ambiguity about the exact polyadenylation site: the first A of the poly(A) tail could be encoded by the gene (nt 833). The cDNA sequence differs in only one position from the corresponding region of the gene: the sixth nt of the cDNA is an A, while the gene has a G (nt 189). This difference is a silent change in the 3rd position of a codon; in fact the corresponding codon in the 3' repeat also has an A in this position. This single discrepancy is most likely an artefact arising during cDNA construction and cloning, or it may represent allelic variation.
Analysis of the 3' non-coding region around the polyadenylation signal and site reveals other sequences that have been implicated in 3' end formation. Mclauchlan ert al (46) have identified a consensus sequence YGTGTTYY located approximately 30 nt downstream of the AATAAA signal, which has been shown to be required for efficient formation of mRNA 3' termini. EHB8 contains such a sequence with one mismatch GGTGTTTT 31 nt from the AATAAA signal (842 to 849). This consensus sequence is observed in 67% of mammalian genes examined (46) . Another sequence, CAYTG, is possibly involved in the selection of a polyadenylation site in conduction with the AATAAA signal via hybridisation with the small nuclear RNA U4 (47) . A similar sequence, CATGG (827 to 831) occurrs in EHB8 within the polyadenylation region AATAAAWKJCATGGNA*. where N is any nt and A* is the first nt of the poly(A) tail. This sequence matches the consensus for a Class I U4 RNA hybrid (47) , and suggests that U4-mediated polyadenylation may operate here. The presence or absence of these two sequences has been implicated in the differential usage of alternate polyadenylation sites in the human albumin gene (48) . Another sequence observed in several eukaryotic genes is TTCAAA or close derivatives, which occurrs 32 to 62 nt downstream of AATAAA (48) . EHB8 contains a recognised derivative, TTAAAA, 67 nt from AATAAA (883 to 888), but also contains the consensus TTCAAA beginning 11 nt upstream from AATAAA (800 to 805). Involvement of this sequence in mRNA 3 1 end formation has yet to be confirmed (48) . 
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. 40  45  50  55  60  6S  70  75  I the intron spliced would be 933 nt plus a poly(A) tail in length, which corresponds to the observed 1000 nt mRNA (12, 13) . Hybridisation Analysis of Total Human Genomic DNA Human chromosomal DNA was digested with PsU, £sU/BamHI, or BamHI, electrophoresed through an agarose gel, transferred to a nylon membrane, and hybridised with probes derived from different fragments of the ubiquitin gene ( Figure 6 ). Neither enzyme cuts within known ubiquitin coding sequences. Panel A represents hybridisation with a probe generated from a 350bp TaqI/ BamHI subclone from the 5' end of EHB8, spanning 70bp of 5' non-coding region and 280bp of further upstream sequence. Panel B represents hybridisation with a coding region probe as described earlier, while Panel C represents hybridisation with a 3' non-coding specific probe. This probe was generated from a 373bp SaH/BamHI subclone from the 3' end of EHB8, which spans 40bp of coding region, the stop codon, and 330bp downstream from the stop codon. 
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DISCUSSION
Ubiquitin Gene Structure
The human 3-repeat ubiquitin gene described here is structurally similar to other ubiquitin cnRNAs and genes reported (5,12-16 ). The most striking feature is the presence of directly repeated coding units observed in all cases except for the single repeat fused cDNA (13) . Other common features include the lack of introns within coding and 3' non-coding regions (12, 16) , and the presence of a non-ubiquitin, C-terminal extension preceeding the stop codon. The only exception is a Xenopus cDNA which had no extra residue (14) . The Cterminal extension is a single, variable residue, with the exception of the fused ubiquitin-80 aa cDNA (13) . Known C-terminal residues are: asparagine (yeast [16] ), lysine (barley [15] ), tyrosine (chicken [5] ), valine (human 9-repeat gene [12] ), and cysteine in EHB8. The function of these one-residue C-terminal extensions is not known, but it is notable that there is both inter-and intra-species diversity. Their function may be to block the reactive C-terminal glycine of the mature protein. The intraspecies variation in man may then imply selective activation of poly-precursors based upon differential cleavage of the C-terminal blocking residue.
Another consistent feature of reported ubiquitin cDNAs is their failure to extend to and beyond the initiating ATG codon (5, (12) (13) (14) (15) pRBL26 ). This phenomenon has prevented the analysis of the 5' non-coding region of the only otherwise fully characterised gene reported -the human 9-repeat gene (12) . Comparison of cDNA sequences reveals that some are structurally very similar. The cDNA insert of pRBL26 and the Xenopus cDNA (14) are structural analogs, containing 2.2 repeats of the coding sequence and initiating at the same nt (184, Figure 3 ). The barley cDNA (15) The lack of cDNA 5' non-coding regions has prevented previous analysis of gene 5' flanks. However, the isolation of two processed pseudogenes of the human 3-repeat ubiquitin gene EHB8 has provided sequences representative of the mRNA 5' untranslated region. These sequences have allowed the identification of a 715bp intron within the 5' non-coding region of the gene, a feature previously reported absent from ubiquitin genomic sequences. The intron is relatively G-rich and contains short direct repeats, the significance of which is presently unknown.
A search of the EMBL and GenBank nucleic acid sequence databases with the intron sequence revealed no close homoiogies, but distant homology to several reported sequences. These were most commonly the inverted terminal repeats of various adenovirus types; for example, type 12 (58). However, these and other distantly homologous sequences are G-rich/C-poor in base composition, and show only random homology when compared to the EHB8 intron by dot-matrices (not shown).
The -u-u-a-OH 3'  U-G-A-u-U-G-G-C-A-G-G=< be full length reverse transcripts, and that the proposed CAP site and TATA box may be functional in. vivo-As noted above, a mature transcript from this CAP site correlates with the observed Ub B mRNA length (12,13).
The 5' non-coding exon does not encode a leader or signal peptide, as there is an in-frame stop codon TAA 4 aa upstream from the start codon (-727 to -725, Figure 3 ). However, as was noted for the rat preproinsulin and other genes with 5 1 non-coding introns (59), the 5' exon has the capability to form a stable stem-loop structure (AG = -8.8 kcal) 6 nt before the AUG start codon ( Figure 7C ). In addition, the open loop can base pair with the 3' end of human 18S rRNA (64) forming another stable association (AG = -13.4 kcal). This structure may function in ribosome binding and subsequent translation of the mRNA (59), although whether this involves the 18S rRNA or not is presently unclear. The splice junction lies at the base of the stem ( Figure 7C ): the splice event would bring this structure adjacent to the start codon, as is seen in other 5' non-coding intron-containing genes (59).
The two genomic clones EHB4 and EHD1 represent processed pseudogenes. EHB4 has a reading frame severely disrupted by a stop codon and a frame-shift insertion and would not be functional. The one-repeat pseudogene EHD1, however, has an uninterrupted reading frame and could potentially code for an ubiquitin-1 ike protein (see Figure 5) . However, heterogeneity in animal ubiquitin protein sequences has not been observed to date, and it is unlikely that this processed pseudogene is expressed.
The most striking feature of the pseudogenes is the precise deletion of one (EHB4) or two (EHD1) coding repeats when compared to EHB8. Most significantly, the 5' and 3' non-coding regions have not been affected by these deletions. Also, no "full-length" (ie 3-repeat) processed pseudogenes have yet been observed, suggesting that the deletion of coding repeats occurs as a consequence of the reverse transcription events leading to pseudogene creation. We have developed a model to explain this phenomenon, shown in Figure  7 . Panel A shows the linear, mature transcript of EHB8, with the lObp IRs in each coding repeat shown and numbered. The IR "A" in the 5' non-coding region is also shown: it plays no part in this model. Presumably the IRs within each coding repeat would pair to form stable stem-loop structures: AG = -8.4 kcal for IRs 2 and 3, and -11.8 for IR 3. However, it is possible that the IRs in one coding repeat could pair with the IRs in another repeat. Such an event is shown in Panel B, with IRs 2 paired with IRs 3 to form a loop-stem-bubblestem structure. The loop represents almost one complete coding unit (197 nt) and the structure is quite stable (AG = -25.2 kcal). Panel D represents a putative sequence of events leading to the precise deletion of one coding repeat during reverse transcription. The loop-stem-bubble-stem structure from Panel B is shown in detail in (i). Panel (ii) shows a reverse transcription event which has transcribed from the mRNA 3' end through the first stem and into the "bubble". At this stage, if reverse transcription was interrupted, the nascent ssDNA has the capability to base-pair with the other strand of the bubble. This event is shown in Panel (iii). Continued reverse transcription (Panel iv) results in the precise deletion of one complete coding unit: the 228 nt from IR 2 to IR 3. A sequence comparison between the 3-repeat gene EHB8 and the 2-repeat pseudogene EHB4 indicates that EHB4 is most similar to the putative dsDNA product from Panel D: that is, the structure in Panel B is most likely responsible rather than a structure formed between IRs 1 and 2.
The one-repeat pseudogene EHD1 can also be explained by this model, by a pairing of IRs 1 and 3, and subsequent deletion of two coding repeats during reverse transcription. The feasibility of this model is currently under investigation.
